Premixed flames propagating in horizontal tubes are observed to take on shape convex towards the fresh mixture, which is commonly explained as a buoyancy effect. A recent rigorous analysis has shown, on the contrary, that this process is driven by the balance of vorticity generated by a curved flame front with the baroclinic vorticity, and predicted existence of a regime in which the leading edge of the flame front is concave. We report first experimental realization of this regime. Our experiments on ethane and n-butane mixtures with air show that flames with an inflection point on the front are regularly produced in lean mixtures, provided that a sufficiently weak ignition is used. The observed flame shape perfectly agrees with the theoretically predicted.
I. INTRODUCTION
Propagation of a discontinuity surface separating fluids of markedly different densities is an often-encountered physical phenomenon. An air bubble rising in water provides the simplest example, less trivial include laser-driven ablation fronts in plasma [1] , condensation discontinuities in supersaturated vapors [2] , thermonuclear waves in supernova [3] , but the most prominent instance is the flame propagation in gaseous mixtures [4] . Because of the density jump across the surface, its dynamics is affected by gravity, and this influence is stronger on surfaces moving at lower speeds with respect to the fluid. Whenever the mass flux through the surface is nonzero, the same density contrast is also a source of vorticity, so that in all of the above examples except the first, the fluid motion is inherently vortical. Speaking about flames, in the practically most important case of hydrocarbon-air mixtures the process of deflagration is so slow that it is nearly always controlled by terrestrial gravity. At the same time, quantitative description of flame evolution under such conditions is utterly difficult, because one has to deal with extremely nonlinear hydrodynamics of gas flows induced by the flame-gravity interaction, which are characterized by several widely separated length scales. In fact, in the case of flame propagating in a tube, in addition to the tube diameter, d, and the gravitational length U 2 f /g ≪ d (g is the gravity acceleration, U f the planar flame speed relative to fresh gas), there is also the so-called Markstein length L , of the order of the flame front thickness, which characterizes the influence of transport processes inside the front on the flame dynamics. In view of this, it is not surprising that flame evolution in tubes wider than a few centimeters has been primarily an experimental matter [5] [6] [7] [8] [9] , and still remains beyond the capabilities of direct numerical methods [10] [11] [12] [13] [14] as well as of the classical perturbative approach [15, 16] . By this reason, an apparent similarity of the first and the last of the above-mentioned physical systems is often used to simplify modeling of the flame front dynamics [16] [17] [18] . The underlying hypothesis is that when the normal flame speed relative to the mixture, U f , is small compared to the bubble speed ∼ √ gd, the flame front shape and its propagation speed can be determined by neglecting the mass flux through the front altogether, that is by taking the limit U f / √ gd → 0. The gravitational influence on the flame is thus treated as a buoyancy effect. For instance, flames propagating in horizontal tubes are observed to acquire highly elongated shapes, and the textbook explanation is as follows [4] : The light products of combustion moving upward tend to occupy the space above heavy fresh gas, which causes the flame front to tilt and spread along the tube, assuming finally a shape convex towards the fresh mixture, Fig. 1(a) . It is only recently that rigorous theoretical assessment of this simplified picture has become possible, with the invention of the on-shell description [19, 20] . Namely, the analysis carried out in Ref. [21] has shown that neither the limit U f / √ gd → 0 is well-defined, nor the bubble picture is applicable: flame propagation is actually driven not by buoyancy, but by the baroclinic effect -gravity-induced vorticity production in the flame front. It is the balance of baroclinic vorticity with that generated by the front curvature which determines the front shape and the associated flow structure. Furthermore, the analysis revealed existence of two essentially different solutions of the on-shell equations. Specifically, it was found that as long as the zero front-thickness is an acceptable approximation, in addition to the observed convex-shaped flames (called type II flames in Ref. [21] ) there must exist configurations with an inflection point, that is flames having part of the front concave towards the fresh mixture [type I flames, Fig. 1(b) ]. This difference in the front shape is a reflection of the singularity in the vorticity distribution along the front (insets in Fig. 1 ): while monotonic in the type II regime, the burnt gas vorticity produced by a type I flame sharply grows and flips over in a vicinity of the inflection point. As this prediction of the theory is so counterintuitive and strikingly distinct from the classical view on flame propagation, its direct experimental verification is indispensable. The present paper reports first realization of type I inflection flames, and the results of comparison with calculations. The experimental setup is described in Sec. II. Section III identifies conditions favorable for the formation of type I inflection flames. Experimental results are presented in Sec. IV, where comparison with the theory is also made. Conclusions are drawn in Sec. V.
II. EXPERIMENTAL SETUP
The flame propagation experiments were carried out in a horizontal circular tube open at the ignition end and closed at the other one. A schematic of the experimental setup used for this study is shown in Fig. 2 . The setup includes a semi-open tube, a high-speed camera, a computer for camera control and data acquisition, a vacuum pump, a metallic cylinder, a laser beam, a photodiode, and a pilot flame.
The tube made of transparent polymethyl methacrylate (PMMA) was 6 m long with an inner diameter of 10 cm and a wall thickness of 5 mm. The fuel-air mixtures investigated were prepared in metallic cylinders by the partial pressure method at a total pressure of 4 bar, starting from vacuum conditions. Prior to each test, the tube was first closed at both ends, evacuated down to 1 mbar, and then filled with the desired gas mixture at 1 bar. Once atmospheric pressure was reached inside the tube, the reactive mixture was left for a few minutes to settle down, whereupon the closing flange was carefully removed. Ignition was achieved with a pilot flame located slightly outside the open end. Flame evolution was recorded with a high-speed camera (Photron RS 3000), its optical axis being directed horizontally perpendicular to the tube axis, at a frame rate of 125 Hz with an integration time of 3 ms. The camera was triggered by the photodiode signal produced by the deflection of a laser beam going through the tube, at a 10 cm distance from its open end. The relative uncertainty of experimental determinations of the flame size and its speed is about 5%.
III. PREREQUISITES FOR REALIZATION OF TYPE I INFLECTION FLAME
The flame profile shown in Fig. 1(b) was obtained as a solution of the on-shell equations in the zero front-thickness approximation. Real flames have small but finite front thickness, therefore, a successful experimental realization will have to ensure sufficient smallness of the finite front-thickness effects. There is little doubt that the zero front- thickness approximation works well for the most part of the flame in sufficiently wide tubes, because the observed smooth elongated front shapes leave almost no chance for the finite front-thickness effects to show themselves. In fact, the corresponding corrections are described by terms proportional to the small front thickness which involve higher spatial derivatives of the flow fields, so that they become noticeable only for sufficiently corrugated fronts and/or large gradients of the gas velocity. The only region where this approximation is potentially violated is the upper part of the flame including the inflection point. First of all, the front concavity towards the fresh gas makes the burnt gas flow above this point quite distinct from that generated by a convex front. This is illustrated in Fig. 3 . Because of the density drop across the front, the normal gas velocity increases from U f on the cold side of the front to θU f on its hot side, where θ is the fresh-to-burnt gas density ratio. As a result, the streamlines sharply bend upwards on crossing the tilted front. After that, they take some space to align with the wall. It is the presence of this transition segment that makes the inflected flame difficult to realize experimentally. Indeed, in contrast to a type II flame where the front convexity allows it to meet the wall at the right angle, Fig. 3(a) , the concavity of inflected type I flame requires an additional front arc (dashed line in Fig. 3(b) ) where the front first turns convex and only then meets the wall. In both type I and type II flames this transition from a finite value of the front slope (corresponding to the left front endpoint in Fig. 1) to the point at the wall where the front tangent is vertical takes place in a thin layer adjacent to the wall. Flame structure in this layer is controlled by the finite front-thickness effects related to the front curvature, therefore, its thickness is of the order of the cutoff wavelength λ c . The heat outflow from the leading front edge is especially strong in the case of inflected type I flame, because of its peculiar advanced structure described above. As a result, the leading edge temperature, hence its luminosity is significantly reduced.
In the case of inflected type I flame, the finite front-thickness effects can be significant also farther along the front, this time due to the flow strain in a vicinity of the inflection point. As the inset in Fig. 1(b) shows, type I solutions are characterized by bursts of vorticity near this point; the corresponding fractional correction to the normal front speed, calculated for a lean methane-air flame on a zero front-thickness solution, is plotted in Fig. 4 . It is seen that the flame response on the flow strain in this case is to increase the normal front speed right above the inflection point (x = 8 cm), and to decrease it below this point. It follows that this effect, which is due to the high diffusivity of methane, tends to eliminate the front concavity.
We thus see that both the front curvature and flow strain effects impede formation of the front inflection. Our observations of methane-air flames show that in most cases they do not develop inflection indeed (in a few instances, however, they did, though we have not been able to identify conditions ensuring reproducible appearance of inflection; it seems that this requires a sufficiently strong flame perturbation). We mention here methane-air flames despite their reluctance to form inflection because it is in this case that sufficiently slow flames were identified in Ref. [21] as belonging to type I; this was done indirectly, by analyzing the experimental data [6] on the flame propagation speed. Therefore, the fact that the observed flame shapes are predominantly convex towards the fresh gas calls for a more detailed experimental verification of the theory. A typical situation is illustrated in Fig. 5 where the observed front shape of 6% methane-air flame is compared with that obtained in Ref. [21] as a type I solution of the on-shell equations in the zero front-thickness approximation. The experimental front position is identified hereinafter as the line of maximal brightness on the photograph. The size of the experimental marks (crosses) corresponds to the apparent "front thickness," that is front blurriness resulting from its imperfect flatness; it gives therefore a natural estimate of the experimental error in the front position when compared with the two-dimensional theory [21] . As expected, the observed front shape noticeably deviates from the calculated only in a small porion of the front surrounding inflection, whereas the rest is well approximated by the type I solution. Since the flame propagation speed is determined by the front length, the speed variation caused by this deviation is well within the calculational error (which is about 10%). A consistent account of the finite front-thickness effects on the horizontal flame propagation will be given elsewhere, whereas we turn back to the question of how they can be suppressed.
We note, first of all, that the main factor acting against formation of the front inflection, namely that related to the streamline alignment near the wall, is more pronounced for flames with larger θ. This is because the jump of the normal gas velocity component at the front is proportional to θ − 1 ≡ α, hence as θ increases, more space is required for the gas elements to give away the vertical momentum they received on crossing the front. As this region was treated as negligibly small in the analysis [21] , applicability of its results can be ensured by increasing the tube diameter d and reducing α. However, in tubes with d 10 cm, flames tend to develop cellular structures complicating the phenomenon to be observed. We therefore take d = 10 cm, and turn to flames characterized by lowest θ -the so-called cool flames. Cool flames exist at temperatures of a few hundreds degrees Celsius, that is for θ around 2, whereas hot flames have θ 5. Thus, this gives us a fourfold reduction of α.
Second, to reduce as much as possible the finite front-thickness effects related to the flow strain, one has to use mixtures with a sufficiently heavy deficient component. Therefore, we choose lean mixtures of ethane and n-butane with air. These flames have λ c around 3 mm, so that condition d ≫ λ c is satisfied reasonably well.
IV. EXPERIMENTAL RESULTS
As expected of the cool flames, this regime of combustion is obtained when a sufficiently weak energy source is used for ignition. Experimental results are well-reproducible. The sequence of images in Fig. 6 illustrates formation of a type I flame propagating in 2% n-butane-air mixture. It is seen that after a short transient following ignition, a familiar elongated convex flame configuration is formed, which however is also only intermediate, and the flame soon develops an inflection. The inflected flame then propagates steadily over a considerable distance until the slowly growing acoustic instability destroys the steady regime. The observed steady flame shape is compared with the theoretically predicted in Fig. 7 . In order to calculate the front shape, one needs to specify two parameters -U f and θ. Determination of the normal flame speed U f near the limits of inflammability is not an easy task even for hot flames where the experimental data are largely scattered. Fortunately, the flame shape is practically insensitive to the value of U f . More precisely, when scaled on its maximal value f max , the front position f measured along the tube as a function of the vertical coordinate x is nearly invariant for U f varying from a few cm/s to 20 cm/s. On the other hand, it changes appreciably with θ, that is with the flame temperature. Cool flames in n-butane-air mixtures are known to belong to the temperature range 200 − 400
• C [23] , but we were unable to obtain a more accurate value by direct measurements because of large fluctuations in the burnt gas temperature. By this reason, the solid curve in Fig. 6 is drawn as a best fit obtained by varying θ in the expected range. The value of θ inferred this way is 2.2, which corresponds to 360
• C flame temperature. To illustrate variation of the front position with θ, two solutions with slightly different θ and the same flame propagation speed are shown.
Experiments with ethane-air mixtures gave quite similar results. As an example, Fig. 8 compares the observed front shape of a 3.6% ethane-air steady flame (its image processed as before) and the calculated shapes of type I flames with θ = 1.6, 1.8, 2.0.
V. CONCLUSIONS
Our experiments with lean n-butane-air and ethane-air mixtures have undoubtedly confirmed existence of type I inflection flames. The observed flame front shape is as predicted by the zero front-thickness theory [21] . Conditions for occurrence of the front inflection are those securing validity of the zero front-thickness approximation for a type I flame -sufficient thinness of the boundary layer where the flame structure is determined by the front curvature effects, and sufficient smallness of the Markstein length related to the flow strain contribution to the flame stretch, which is significant in a vicinity of the inflection point. The first of these was ensured in our experiments by taking sufficiently wide tube and employing flames with a comparatively small gas expansion. The second is achieved by using mixtures with a sufficiently heavy deficient component.
It is to be stressed that our results not only confirm a particular theoretical prediction, but also disprove the widespread view on the gravity-driven flame propagation. In particular, they illustrate a kind of discontinuity in the dynamics of surfaces with vanishing mass flux. In general, surface dynamics with a small but nonzero mass flux cannot be approximated by that with the strictly zero mass flux, even though this might appear natural on dimensional grounds. In the considered case of premixed flames, the nonexistence of the limit U f / √ gd → 0 makes dynamics of lean flames far more rich than that of bubbles.
